Magneto-optical imaging of volt age- controlled magnetization reorientation 
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We study the validity and limitations of a macrospin model to describe the voltage-controlled 
manipulation of ferromagnetic magnetization in nickel thin film/piezoelectric actuator hybrid struc- 
tures. To this end, we correlate simultaneously measured spatially resolved magneto-optical Kerr 
effect imaging and integral magnetotransport measurements at room temperature. Our results 
show that a macrospin approach is adequate to model the magnetoresistance as a function of the 
voltage applied to the hybrid, except for a narrow region around the coercive field — where the mag- 
netization reorientation evolves via domain effects. Thus, on length scales much larger than the 
typical magnetic domain size, the voltage control of magnetization is well reproduced by a simple 
Stoner-Wohlfarth type macrospin model. 



I. INTRODUCTION 

Multifunctional material systems are of great techno- 
logical interest^. Amongst this class, magnet oelectric 
multiferroics are of particular relevance, as they enable 
an in-situ electric-field control of magnetizatiorP^. Re- 
garding device applications, composite- type multifunc- 
tional structures constitute an appealing approach^]] 
and thus are extensively investigated. Since a local mag- 
netization control is of particular interest, an imaging 
of the spatial evolution of M due t o str ain- mediated 
magnetoelectric coupling is mandator^D^!] However, 
most reports on magnetization changes M (E) as a func- 
tion of the applied electric field rely on either integral 
measurement techniques or magnetic force microscopy 
imagin^P^K^. In contrast, spatially resolved experi- 
ments to address local M (E) changes on macroscopic 
(mm 2 ) areas are scarce. We here focus on ferromag- 
netic/ferroelectric hybrid systems, in which a strain- 
mediated, indirect magnetoelectric coupling via the mag- 
netoelastic effect is exploitecP^HISI. More specifically, we 
study multifunctional hybrids^ composed of ferromag- 
netic nickel thin films and bulk piezoelectric actuators 
as "spin-mechanics" model systems, in which a voltage- 
controlled strain is induced in the f er r omagnet ^QH33| tj s _ 
ing spatially resolved magneto-optical Kerr effect imag- 
ing, we investigate the magnetization evolution in our 
samples both as a function of external magnetic field 
and of electrical voltage applied to the actuator. We 
observe that the magnetization mainly reorients by co- 
herent and continuous rotation. Only for a small re- 
gion around the coercive field the magnetization reorien- 
tation proceeds via domain formation and propagation. 
To quantitatively evaluate the Kerr images, we extract a 
macrospin corresponding to an effective, average magne- 
tization orientation by spatially averaging over regions 
of interest in the images. Comparing the anisotropic 
magnetoresistance calculated using this macrospin with 
the corresponding measurements yields excellent agree- 



ment. This corroborates the notion that a macrospin 
picture is adequate except for a narrow region around 
the coercive field. Having established the applicability 
of a macrospin approach, we quantitatively evaluate the 
voltage-controlled changes of the magnetization orienta- 
tion and the reversibility of the voltage-induced magneti- 
zation reorientation using magnetotransport techniques. 



II. EXPERIMENT 

We realize a voltage control of magnetization in 
ferromagnetic thin film/piezoelectric actuator hybrid 
structures. The commercially available, co-fired 
Pb (Zr^Tii-^) O3 (PZT) piezoelectric multilayer stack 
actuators "PSt 150/2 x 3/5" (Piezomechanik Miinchen) 
[Fig. [TJa)] comprise an interdigitated approx. 100 fim 
thick PZT-ceramic/AgPd electrode layer structure. For 
the ferromagnet, we use polycrystalline nickel (Ni) as a 
generic itinerant 3d magnet with a Curie temperature 
Tq > 600 K (Ref. l34|) well above room temperature, 
a high bulk saturation magnetization M s = 493kA/m 
(Ref. 35), a considerable polycrystalline volume magne- 
tostriction A = fAioo + § Am = -32.9 x 10~ 6 (Ref. EE}, 
and a moderate anisotropic magnetoresistance (AMR) 
ratio Ap/po = 2% fRef. l37|) . To allow for an optimized 
interfacial strain coupling between the assembled ferro- 
magnetic and piezoelectric compounds, 100 nm thick Ni 
films were directly deposited onto an area of 3 mm 2 on 
the actuators by electron beam evaporation at a base 
pressure of 7.0 x 10 -8 mbar. The Ni films were covered 
in situ by 5 nm thick Au films to prevent oxidation. Prior 
to the evaporation process, a 140 nm thick polymethyl- 
methacrylate (PMMA) layer was spin-coated onto the re- 
spective actuator face and baked at 110 °C to electrically 
isolate the Ni film from the actuator electrodes. 

As schematically sketched in Fig. ]Ja), the actuator 
deforms upon the application of a voltage V p ^ V, ex- 
hibiting a dominant elongation axis along y with a max- 
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FIG. 1. (a) Schematic illustration of the ferromagnetic thin 
film/actuator hybrid, indicating the orientation of the exter- 
nal magnetic field H || x and the contact scheme in four-point 
geometry for AMR measurements, (b) Free energy density 
contours in the x — y film plane for different V p applied, with 
the orientation of the magnetic easy axis (e.a.) depicted by 
the dashed lines. Thus, the equilibrium magnetization ori- 
entation is oriented along x for Vp > 0V (red line), while 
it is aligned along y for V p < V (blue line), (c) Calculated 
M (H) = (M • x) /M s loops with H || x using a single-domain 
Stoner-Wohlfarth model, as explained in the text. In accor- 
dance to (b), the M (H) curves show a magnetically easy x 
direction by the rectangular-shaped loop for V p > V (red 
line), while the non-hysteretic line indicates a magnetically 
hard direction for V p < V (blue line) . 



imum strain e y = 1.3 x 10 3 in the full voltage swing 
-30V < V p < +150 V (Ref. 38). Thus the ferromag- 
netic/piezoelectric hybrid allows to induce an electrically 
tunable strain in the Ni thin film. In particular, a volt- 
age Vp > V (Vp < V) results in an elongation with a 
related strain e y > (contraction with e y < 0) along y. 
Due to elasticity, such a tensile (compressive) strain along 
y is accompanied by a contraction (elongation) along the 
orthogonal in-plane direction x, with about half the mag- 
nitude. 

To quantify the effect of lateral elastic stress on the 
magnetic anisotropy of a ferromagnetic thin film, we rely 
on a magnetic free-energy model. Since this approach is 
discussed in detail, e.g., in Ref. [33} we here only quali- 
tatively summarize our findings. Because we use poly- 
crystalline ferromagnetic thin films, which exhibit no net 
crystalline magnetic anisotropy, only shape and strain- 
induced anisotropics need to be considered^. The angu- 
lar dependence of the total free energy density F within 
the plane of such a uniaxially strained ferromagnetic film 
shows a 180° periodicity, where maxima of F correspond 
to magnetically hard directions, and accordingly minima 



to magnetically easy directions. In the Stoner-Wohlfarth 
(SW) modeP^, the magnetization orientation can be cal- 
culated from F, since in equilibrium M aligns along a 
local minimum of F. Regarding the in-plane magnetoe- 
lastic contribution to i^l 
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with the elastic stiffness constants % 36 and the direc- 
tion cosines of the magnetization a x and a y with respect 
to x and y, respectively, it is important to note that for 
nickel |A (c\2 - en) > 0. Therefore, in the absence of ex- 
ternal magnetic fields, the magnetic easy axis is oriented 
parallel to compressive strain (e < 0) and orthogonal to 
tensile strain (e > 0). Consequently, an applied voltage 
V p > V results in a magnetic easy axis and thus an 
equilibrium magnetization orientation along x [cf. red 
contour in Fig. [TJb)], while accordingly for Vp < V the 
magnetization is oriented along y [cf. blue contour in 
Fig. [IJb)]. Hence, we expect a 90° rotation of the easy 
axis and thus the magnetization orientation upon invert- 
ing the polarity of Vp. 

Figure [TJc) shows calculated magnetization curves, 
normalized to the saturation magnetization M s , i.e., 
M = (M • x) /M s , as a function of the external mag- 
netic field magnitude H at fixed voltages Vp. The curves 
are calculated using a single-domain SW model for the 
external magnetic field H applied along x [cf. Fig. [TJa)], 
as this is the case for all experimental data presented be- 
low. The SW model relies on the coherent rotation of a 
single homogeneous magnetic domain (macrospin). For 
Vp > V, the x direction coincides with the easy axis 
[e.a., see Fig. [ljb)] and thus the corresponding M (H) 
loop [red curve in Fig. [ljc)] exhibits a rectangular, hys- 
teretic shape^, which indicates an abrupt 180° magneti- 
zation switching (i.e., a discontinuous magnetization re- 
versal) at the coercive field H c . Contrarily, the x direc- 
tion is magnetically hard for V p < V, and hence the 
blue magnetization curve in Fig. [TJc) exhibits no mag- 
netic hysteresis as typically observed for hard-axis loops, 
which indicates a magnetization-reversal process via con- 
tinuous rotation. 

To determine the static magnetic properties of the Ni 
thin film/actuator hybrid, we employ spatially resolved 
magneto-optical Kerr effect (MOKE) imaging. More 
precisely, we perform longitudinal MOKE spectroscopy, 
which detects the projection M = M • x of the magneti- 
zation onto the magnetic field direction H || x. All data 
were recorded at room temperature. Our MOKE setup 
is equipped with a high power red light emitting diode 
(center wavelength A = 627 nm). A slit aperture and a 
Glan Thompson polarizing prism yield an illumination 
path with s-polarized incident light. After reflecting off 
the sample, the light passes through a quarter wave plate 
to remove the ellipticity, and then transmits through a 
second Glan Thompson polarizing prism close to extinc- 
tion serving as the analyzer. The Kerr signal is then 
focused by an objective lens and recorded with a CCD 
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camera with a pixel size of 10 /im x 10 /am. While the 
setup has a rather low spatial resolution of several mi- 
crometers, it allows to image samples with lateral dimen- 
sions of several mm 2 in a single-shot experiment. Such a 
large field of view is mandatory to investigate the piezo- 
induced M (Vp), since the actuator electrodes are about 
10 jam wide, and the active piezoelectric regions are about 
100 jam wide. 

To enable AMR measurements simultaneously to 
MOKE, we contacted the Ni film on top in four-point 
geometry [see Fig. []Ja)]. All AMR data shown in the 
following were recorded with a constant bias current I 
parallel to H || x. The longitudinal resistance in a single- 
domain model is given by^ 



R = R ± + (#|| -R ± )cos 2 p, 



(2) 



where f3 is the angle between M and I, and R± and R\\ 
are the resistances at I _L M and I || M, respectively. 

As discussed in more detail in the results section, we 
apply several image-processing procedures to extract the 
relevant magnetic information. On the one hand, we use 
the difference- image technique, i.e., the digital subtrac- 
tion of two images, to enhance the magneto-optical con- 
trast and to exclude any non-magnetic signal contribu- 
tions. To this end, a reference image is recorded in a mag- 
netically saturated state and subtracted from subsequent 
images 42 . On the other hand, for a quantitative magneti- 
zation analysis we normalize the observed image contrast. 
To this end, we define a region of interest (ROI), which 
corresponds to the region covered with Ni. Within this 
ROI, we integrate over all pixels of the CCD-camera im- 
age and normalize the resulting value with respect to the 
ones related to the two opposite single-domain saturation 
states. This evaluation yields an effective averaged mag- 
netization — 1 < M/M s < 1. The latter can be considered 
as an effective macrospin, in which any microscopic mag- 
netic texture has been averaged out. It will be referred 
to as "integrated MOKE loop" in the following. 



III. RESULTS AND DISCUSSION 

In a first series of experiments, we studied the magnetic 
domain evolution at constant strain, i.e., we recorded 
MOKE images at constant voltages Vp as a function of 
the external magnetic field magnitude H for fixed mag- 
netic field orientation H || x. We refer to these ex- 
periments as M (H) measurements. We applied a fixed 
voltage Vp to the actuator, swept the magnetic field to 
jaoH = —50 mT to prepare the magnetization in a single- 
domain, negative saturation state, and acquired a ref- 
erence image. Subsequently, the magnetic field was in- 
creased in steps, and a MOKE image was recorded at ev- 
ery field value. The corresponding domain evolution (ob- 
tained after subtraction of the reference image) and the 
integrated MOKE loops for V p = -30 V and V p = +30 V 
are shown in Fig. [2] The integrated MOKE loops in 
Fig.|2|a) clearly resemble the SW simulations in Fig.[TJc), 
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FIG. 2. Magnetic domain evolution as a function of the ex- 
ternal magnetic field magnitude. For V p = —30 V, the mag- 
netic hard axis is along H || x, while for Vp = +30 V, the 
easy axis is along H || x. (a) Integrated MOKE M (H) 
loops for V^p = —30 V (open blue squares) and V p = +30 V 
(open red triangles), using the region of interest depicted by 
the dashed white contour in (e4). The lines are guides to 
the eye. The open black circles mark the magnetic fields at 
which the MOKE images (hl)-(h4) and (el)-(e4) were taken. 
Hereby, (hl)-(h4) were recorded for V p = —30 V (H parallel 
to the magnetic hard axis) and (el)-(e4) were recorded for 
V p = +30 V (H parallel to the easy axis). 



such that at Vp = — 30 V we obtain a smooth and contin- 
uous M (H) loop for a magnetic hard axis along H || x 
(open blue squares), while Vp = +30 V yields a mag- 
netic easy axis along x and thus results in a rectangular- 
shaped M (H) loop with discontinuous magnetization- 
reversal processes (open red triangles). 

We start the discussion with the data recorded at 
V p = —30 V, i.e., for a magnetic hard axis along x. Fig- 
ures [2^hl)-(h4) show MOKE images for an upsweep of 
the external magnetic field obtained at magnetic field 
values hi = -10.5 mT, h2 -1.5 mT, h3 4.0 mT, 
and h4 = 23.0 mT, marked by circles in the correspond- 
ing M (H) loop presented graphically by square sym- 
bols in Fig. |2|a). In Figs. [5|hl)-(h4), the spatially re- 
solved MOKE intensity is homogeneous over the whole 
Ni film, continuously changing from black to white with 
increasing magnetic field strength from negative to pos- 
itive saturation. Hence, the sample is uniformly magne- 
tized throughout the magnetization-reversal process, sug- 
gesting coherent and continuous magnetization rotation. 



4 



Clearly, a single-domain SW approach is appropriate to 
model this behavior. In contrast, the magnetization re- 
versal along the magnetic easy axis at V v = +30 V is 
depicted in Figs. [2|el)-(e4) at magnetic fields close to 
the coercive field [cf. M (H) loop shown by open red tri- 
angles in Fig. [2|a)]. As apparent, magnetic domains nu- 
cleate and gradually propagate until the magnetization- 
reversal process is finally complete in Fig.[2je4). For such 
a domain-driven magnetization-reversal process the sim- 
ple SW single macrospin approach appears inadequate, 
since the magnetization-reversal process in M (H) mea- 
surements is usually modeled by combining coherent ro- 
tation and domain- wall nucleation and/or unpinninj^. 
More precisely, in ferromagnetic thin films with uniaxial 
anisotropy, a magnetic-field induced magnetization rever- 
sal is determined by coherent rotation when the external 
magnetic field is oriented close to the magnetic hard axis, 
which is thus in good agreement with the SW model. In 
contrast, when the magnetic field is oriented along the 
magnetic easy axis, the abrupt magnetization reversal is 
caused by domain- wall effects, and thus proceeds via non- 
coherent switching. For other orientations, the magneti- 
zation first continuously reorients by coherent rotation, 
and then switches discontinuously and noncoherently (for 
details, see, e.g., Ref. 03. In other words, in view of the 
domain pattern in Figs.|2?el)-(e4), the macrospin model 
used in the literature for the magnetization reorienta- 
tion M (E) as a function of electric field at fixed external 
magnetic field magnitude^ only represents a first-order 
approximation. 

To examine the validity and limitations of the 
macrospin model for M (E) in more detail, we now ad- 
dress the AMR recorded simultaneously to the MOKE 
data, referred to as R (H) measurements. Figure |3ja) 
again depicts integrated MOKE loops along a magnetic 
hard axis (V p = —30 V, full blue squares), with zero ap- 
plied stress (Vp = 0V, full black circles), and along a 
magnetic easy axis (Vp = +30 V, full red triangles). The 
corresponding AMR loops, represented by full symbols, 
are shown in Figs. |3|b), (c), and (d) for V p = —30 V, 
Vp = V, and V p = +30 V, respectively. To quantita- 
tively simulate the evolution of R (H) in a macrospin- 
type SW model, we determined an effective, average 
magnetization orientation (3 from the M (H) loops in 
Fig.^a) via cos/3 = M/M s (cf. Ref.|45]). To this end, we 
use the effective, averaged magnetization orientation in 
the ROI as a pseudo-macrospin. It should be emphasized 
at this point that this pseudo-macrospin corresponds to 
a magnetization orientation /3 averaged over differently 
oriented magnetic domains, see Figs. [2jel)-(e4). Equa- 
tion Q with R\\ = 201.9 ml] and R± = 194.9 ml] then 
yields the solid lines in Figs.[3^b), (c), and (d). As evident 
from the figure, the AMR calculated using the macrospin 
model accurately reproduces the measured AMR for H 
parallel to a hard axis (V p = -30 V). For V p = V 
and V p = +30 V, H is along an axis with increasingly 
easy character and we observe an increasing deviation 
of the AMR simulation from the AMR experiment — 
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FIG. 3. (a) Integrated MOKE M (H) loops for V p = -30 V 
(blue squares), V p = 0V (black circles), and V p = +30 V 
(red triangles). Simultaneously measured (full symbols) and 
simulated (solid lines) AMR R (H) loops for V p = -30 V (b), 
Vp = V (c), and V p = +30 V (d). Apart from deviations in 
the vicinity of the coercive fields for V p = V and V p = +30 V, 
the simulations based on a pseudo-macrospin model are in 
very good agreement with the measurements. 



however only for H in the vicinity of the coercive fields 
[see Figs. [3]^c) and (d)]. Hence, the AMR experiments 
corroborate the notion that the pseudo-macrospin is not 
adequate in the case of substantial microscopic domain 
formation, i.e., close to the coercive fields. Interestingly, 
however, the simulations yield very good agreement with 
the experimental results for all other magnetic field val- 
ues. In summary, the magnetization reversal at con- 
stant strain in our multifunctional hybrid systems can 
be modeled in very good approximation using a pseudo- 
macrospin type of approach, except for a small range 
around H « H c with substantial domain formation. 

In a second set of experiments we address the volt- 
age control of the magnetization orientation. To this 
end, we record MOKE images and the AMR as a func- 
tion of the voltage V p at constant external magnetic 
bias field H. However, it turns out that the different 
strain states at different V v also give raise to a Kerr sig- 
nal, as illustrated in Fig. [4] In these experiments, we 
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FIG. 4. (a) Elastic strain- induced Kerr contrast patterns, 
recorded with the Ni film magnetized to saturation via the 
application of hqH — — 50 mT at 7 P = +30 V. (al) Differ- 
ence image after a sweep to V p = —30 V and (a2) back to 
V p = +30 V. (b), (c) Schematic illustrations of measurement 
sequences used to record magnetic Kerr images as a function 
of V p without the strain-induced signal contributions. 



aligned a magnetic easy axis along H || x by applying 
Vp = +30 V, and initially magnetized the sample to sat- 
uration in a single-domain state by sweeping the mag- 
netic field to [IqH = — 50 mT. After recording a refer- 
ence image, we swept the voltage to Vp = —30 V, keep- 
ing /uqH = — 50 mT constant. Figure |4^al) shows the 
difference image at V p = — 30 V with respect to the refer- 
ence at V p = +30 V. After sweeping the voltage back to 
Vp = +30 V, the Kerr difference contrast pattern com- 
pletely vanishes [Fig. [4ja2)], indicating the reversibility 
of this process. Evidently, the observed Kerr contrast 
cannot be of magnetic origin, since the magnetic field 
fioH = — 50 mT is way large enough to ensure magnetic 
saturation at any Vp, such that neither the magnetization 
orientation nor the magnitude are subject to magnetoe- 
lastic modifications. The Kerr contrast thus must be of 
non-magnetic origin. Two mechanisms may account for 
these strain-induced contrast changes. First, the Pois- 
son ratios of the PZT piezoelectric layers and the inter- 
digitated electrodes differ. Thus, the strain induced by 
Vp V will be slightly inhomogeneous in the x — y 
plane of the actuator, leading to local surface corruga- 
tions above the electrodes and thus to a modified inten- 
sity of the reflected light. Second, the PMMA layer in be- 
tween piezo and Ni exhibits strain-induced birefringence, 
e.g., photoelastic birefringence^, which also results in a 
Kerr contrast. 

To nevertheless extract the magnetic Kerr signal con- 
tributions, we apply two more elaborate measurement 
sequences. The basic sequence is schematically illus- 
trated in Fig. [4jb) . We magnetize the sample to a single- 
domain state by applying a magnetic preparation field 
/io^prep = — 50 mT well exceeding the saturation field 
along the easy axis at V* = +30 V (point A), then sweep 
the magnetic field to the measurement bias field H meas 
(point B), in turn sweep the voltage to the measurement 
voltage Vp m (point C), and finally go back to the prepa- 
ration field H prep (point D). A Kerr image is acquired 
at each point. Subsequently, we subtract the images cor- 
responding to equal strain states, such that the result- 
ing images B — A and C — D exhibit only contrast of 
magnetic origin. Hence, this procedure allows to image 



the evolution of M as a function of strain. To also in- 
vestigate the reversibility of the volt age- induced magne- 
tization changes, we modify the sequence as sketched in 
Fig.gc). After sweeping the voltage to the measurement 
voltage Vp m (point C), it is cycled back to V* = +30 V 
(point B), and finally the magnetic field is returned to 
iJp re p (point A). The difference images B — A and B — A 
then reveal the degree of reversibility. 

Figure [5] shows the magnetic Kerr images obtained 
using the sequence depicted in Fig. [4^b) as a function 
of the voltage Vp at different fixed magnetic bias fields 
Mo^meas 3 mT, 4mT, 5mT, 6mT, and 8mT, de- 
picted in Figs. [5jal)-(a4), (bl)-(b4), (cl)-(c4), (dl)- 
(d4), and (el)-(e4), respectively. Hereby, the images (a)- 

(c) are recorded slightly below the coercive field, while 

(d) (/io^meas = 6 mT) is directly at the coercive field 
[[IqHc ^ 6mT at Vp = +30 V, cf. Fig.^a)]. For the lat- 
ter [Fig. [5jdl)], domain nucleation already starts with- 
out changing Vp. The difference images B — A shown 
in the first column of Fig. [5] are acquired at the prepa- 
ration voltage V£ = +30 V after a magnetic field sweep 



-50 mT to the bias field H n 



The 



from /io^prep 

difference images C — D in the latter three columns re- 
sult from a consecutive application of the measurement 
sequence with different measurement voltages Vp m = V, 
-8V, and -30 V. As evident from Figs. |5|al), (bl), 
and (cl), no magnetic contrast is yet visible at H meas , 
indicating a uniform, single-domain magnetization along 
the initial magnetic field orientation /io^prep < OmT, 
i.e., antiparallel to the bias magnetic field orientation 
/io^meas > OmT. Upon gradually decreasing Vp, a non- 
coherent magnetization-reorientation process sets in for 
magnetic fields close to the coercive field [see Figs. [5^b3) 
and (c2)] via magnetic domain nucleation and propaga- 
tion, until the process is complete at V p = —30 V, as 
shown in the images in the last column. We note that 
the domain nucleation preferably proceeds on top of the 
electrodes, which we attribute to the slight strain inho- 
mogeneities discussed in the context of Fig. [4^al). The 
final image contrast after the magnetization reorientation 
is homogeneously white [Figs. J5^a4) to (e4)], evidencing 
a magnetic single-domain state. 

Figures[l|al)-(a4), (bl)-(b4), (cl)-(c4), and (el)-(e4) 
show a fully voltage-controlled magnetization reorienta- 
tion from an initial magnetic single-domain state to a 
final single-domain state. As apparent from the Kerr im- 
ages in Fig. [5j for externally applied magnetic fields close 
to H c the magnetization-reorientation process evolves via 
domain nucleation and propagation. In contrast, for 
other magnetic field strengths [jaoH meas < 4mT and 
/io^meas > 7mT, see Figures |5jal)-(a4) and (el)-(e4)]) 
the Kerr image contrast changes homogeneously as a 
function of Vp, i.e., the magnetization rotates coherently 
during the Vp sweep. 

To quantitatively evaluate the Kerr images recorded 
as a function of Vp, we finally test the applicability of a 
macrospin picture for the description of M (Vp), and ad- 
dress the reversibility of the voltage-induced magnetiza- 
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tion reorientation. To this end, we consecutively applied 
the two measurement sequences illustrated in Figs. [4jb) 
and (c) with different measurement bias fields H meas . 
More precisely, for each H meas we first applied the ba- 
sic sequence shown in Fig. j4^b) with /i ^prep = — 50mT, 
Vp e = +30 V, and F p m = -30 V. Then we applied the 
modified sequence shown in Fig. [4jc) at the same H meas . 
At each point, a Kerr image is acquired and the resistance 
is recorded. We refer to these experiments as M (V p ) 
and R(Vp) measurements, respectively. The evolution 
of the corresponding integrated MOKE M (Vp) signals 
obtained from the difference images B — A, B — A, and 
C — D as a function of the measurement field H = H meas 
is shown in Fig. |6ja) and referred to as Mb (H) (full 
blue squares), M^[H) (full red circles), and Mq (H) (full 
green triangles), respectively. We again determined the 
magnetization orientation fj in a macrospin approxima- 
tion, as displayed in Fig. [6]^b). The corresponding AMR 
R (Vp) curves simultaneously measured with the Kerr im- 
ages at the points B and C are depicted in Fig. |6|c) by 
full blue squares and full green triangles and referred to 
as Rb (H) and Rq (H), respectively. For comparison, we 
also included the integrated MOKE M (H) and AMR 
R (H) data recorded as a function of the external mag- 
netic field at constant Vp = —30 V and +30 V as open 
gray squares [denoted as M~ and R~ in Figs. [6|a) and 
(c), respectively] and open gray triangles (M + and R + ), 
respectively. 

Using the M B (H) and M c (H) curves [Fig. ga)] 
recorded simultaneously with Rb (H) and Rq (H), re- 
spectively, we again simulate the AMR with Eq. Q and 
the values of the parameters R\\ and R± given above. The 
AMR curves thus calculated for Rb (H) and Rq (H)aie 
displayed by the solid blue and green lines in Fig. pic), 
respectively. Evidently, the measurement and simulation 
for both Rb (H) and Rq (H) are in very good agreement, 
with the exception of a narrow region around i^ c , where 
the macrospin model fails to adequately describe the ex- 
periment, in full consistency with the above findings for 
M (H) and R(H) measurements (cf. Fig. [3|. Therefore, 
except for a small magnetic-field range close to H c we 
can describe the voltage-induced magnetization changes 
in very good approximation in a simple macrospin model. 

As we now have demonstrated the validity of the 
macrospin approach also for the description of M (Vp) 
and R (Vp) measurements, we can consistently model 
the evolution of the magnetization orientation as a func- 
tion of the voltage Vp and the external magnetic field 
H (Fig. [6]). We start the discussion with the evolution 
of Mb (H) [full blue squares in Fig. |6ja)], which coin- 
cides with the M (H) loop recorded at V p = +30 V. The 
corresponding macrospin magnetization orientation (3b 
is initially aligned along 180° for large negative exter- 
nal magnetic field [full blue squares in Fig. [6^b)], con- 
tinuously rotates to « 160° with increasing magnetic 
field strength, then abruptly switches into a direction 
close to Pb = 0° at the magnetic coercive field, and 
then continuously rotates towards 0°, the orientation of 



the external magnetic field. For external magnetic mea- 
surement fields /io^meas ^ mT, the influence of the 
Zeeman contribution to the total free energy density in 
the film plane F = Fzeeman + F me decreases with de- 
creasing absolute value of the external magnetic field, 
which results in an increasingly dominating magnetoe- 
lastic anisotropy contribution. Hence, the magnetization 
orientation cannot be modified at jaoH prep = — 50 mT 
by application of V p and can be increasingly rotated 
to about A/3 = 50° at ji^H = OmT by changing 
Vp = +30 V -> -30V [&M = 0mT) « 165° and 
f3c (l^oH = OmT) & 115°]. In this magnetic field range, 
M B (H) and M^(H) fully coincide (M B || Mg), i.e., the 
voltage-induced magnetization reorientation is fully re- 
versible. We would like to emphasize that this implies a 
continuous and reversible magnetization rotation at zero 
external magnetic field, solely via application of appropri- 
ate voltages Vp to the piezoelectric actuator. In the sec- 
ond field range mT < /jLoH meas ^ 8 mT in Fig.[6j the an- 
gular range within which the magnetization orientation 
can be rotated by changing Vp = +30 V — » —30 V con- 
tinuously increases, but the magnetization reorientation 
is not reversible, since Mb (H) ^ M^(H). This observa- 
tion can also be consistently understood in a macrospin 
model. Here, fioH prep = — 50 mT yields Mb antiparallel 
to /io^meas > OmT aligned along 0°, i.e., Mb resides 
in a local minimum of F at V p = +30 V and thus in 
a metastable state. Sweeping Vp from +30 V to —30 V 
yields Mc aligned along the global minimum of F. How- 
ever, upon increasing the voltage back to +30 V, the 
magnetization does not rotate back in the same way, 
but evolves into the global minimum of F close to 0° 
(for details of the quantitative evolution of F as a func- 
tion of Vp, see Ref. l33|) . Therefore, the voltage sweep 
Vp = +30 V — » —30 V — )■ +30 V results in an irreversible 
magnetization-orientation change with Mb and Mg es- 
sentially being antiparallel at V p = +30 V. The third 
magnetic field range jaoH meas > 10 mT exceeds jiioH c for 
Vp = +30 V, resulting in a (nearly) parallel alignment of 
H meas and Mb- Here, the evolution of M (Vp) is anal- 
ogous to the above described for /io^meas ^ OmT, i.e., 
sweeping Vp = +30 V -30 V +30 V rotates M B 
to Mc and back to Mb || Mg. The angle of rotation 
decreases with increasing magnetic field strength. 

Overall, these findings demonstrate that the macrospin 
model cannot only be applied to describe the M (H) and 
R (H) measurements, but also to the M (Vp) and R (Vp) 
measurements — except for a narrow range around the co- 
ercive field. 



IV. CONCLUSION 

In conclusion, we have studied the applicability 
and limitations of a Stoner-Wohlfarth type macrospin 
model for the description of changes in the mag- 
netic configuration and magnetoresistance of ferro- 
magnetic/ferroelectric hybrid systems. To this end, 
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we investigated the magnetic properties in Ni thin 
film/piezoelectric actuator hybrids using simultaneous 
spatially resolved MOKE and integral magnetotransport 
measurements at room temperature. Using dedicated 
measurement sequences to suppress strain-induced con- 
tributions to the Kerr signal, the imaging of the magne- 
tization state both as a function of magnetic field and 
electrical voltage applied to the piezoelectric actuator 
becomes possible. We extract an effective magnetiza- 
tion orientation (macrospin) by spatially averaging the 
Kerr images. For experiments both as a function of H 
and of Vp, we find very good agreement between the 
AMR calculated using the macrospin and the measured 
AMR. Our results show that the magnetization continu- 
ously reorients by coherent rotation — except for H along 
a magnetically easy direction in a very narrow region 



around the magnetic coercive field, where the magnetiza- 
tion reorientation dominantly evolves via domain nucle- 
ation and propagation. Taken together, on length scales 
much larger than the magnetic domain size, a SW type 
macrospin model for both M (H) and M (V p ) adequately 
describes the corresponding R(H) and R(V P ). 
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FIG. 5. Evolution of the magnetization reorientation as 
a function of the voltage V p at different, fixed magnetic 
bias fields after preparing a magnetic single-domain state at 
Mo^prep = — 50 mT. The magnetic Kerr images are obtained 
using the sequence depicted in Fig. [4jb) (images in the first 
column show difference images B — A, all other images show 
difference images C — D). In the vicinity of the coercive field 
[fjioHc « 6mT at V p = +30 V, cf. Fig. [^a)] for fi H meas = 
4mT [(bl)-(b4)], 5mT [(cl)-(c4)], and 6mT [(dl)-(d4)], 
the voltage-controlled magnetization-reorientation process ev- 
idently occurs via magnetic domain nucleation and propaga- 
tion, and finally attains a single-domain state at V p = —30 V. 
For other magnetic field strengths, e.g., /noH meas = 3mT 
[(al)-(a4)] and /xo^meas = 8mT [(el)-(e4)], the Kerr image 
contrast changes homogeneously as a function of Vp, i.e., the 
magnetization rotates coherently during the Vp sweep. The 
white lines in (e4) indicate the position of the actuator elec- 
trodes. 



10 




194 I 1 , 1 , 1 , 1 , 1_ 

-20 -10 10 20 



H H (mT) 



FIG. 6. Volt age- dependent M and R measurements. The 
panels show data acquired at the points B (full blue squares), 
B (full red circles), and C (full green triangles) as a function of 
the measurement field H — H meas in the sequences depicted 
in Figs. Qb) and (c). (a) Integrated MOKE M (V p ) curves 
obtained from the respective difference images. For compar- 
ison, the open gray squares and open gray triangles depict 
the M(H) loops for V p = -30 V (VT) and +30 V (M + ), re- 
spectively, (b) Macrospin magnetization orientation f3 with 
the angle f3 between M and I, calculated from the measured 
data displayed in (a) using the pseudo-macrospin model, (c) 
Corresponding AMR R(V P ) curves (symbols) and simulations 
(lines) using the simultaneously recorded M (V p ) curves [(a) 
and (b)] and the AMR parameters given in the text showing 
very good overall agreement with the experiment. Hereby, 
the blue and green solid lines illustrate the simulated evolu- 
tion of Rb (H) and Rc (H), respectively. In analogy to (a), 
the R(H) loops for V p = -30V (RT) and +30 V (R + ) are 
additionally depicted by open gray squares and open gray tri- 
angles, respectively. 



